Introduction
============

Ovarian cancer is the most lethal gynecological malignancy and the fifth leading cause of cancer deaths among women, with five-year survival rates of only 45%.[@R1] Epithelial ovarian carcinomas (EOC), which derive from the ovarian surface epithelium (OSE), represent approximately 90% of all human ovarian malignant neoplasms.[@R2] Epidemiological data indicate that the risk of EOC increases with the number of ovulatory events.[@R3]^,^[@R4] It is proposed that the repetitive rupture and resulting cell proliferation in postovulatory repair of the ovarian surface epithelium produce accumulating genetic aberrations in the epithelial cells that ultimately lead to tumor formation.[@R3]^,^[@R4] This incessant ovulation hypothesis was supported by several groups who reported that spontaneous transformation of rat ovarian surface epithelial cells occurred after prolonged subculture.[@R5]^,^[@R6] Thus, passaging cells in culture mimics the proliferation of ovarian surface epithelium after ovulation. Afterwards, a syngeneic mouse model was established by continuous passaging and spontaneous transformation of mouse ovarian surface epithelial cells from C57BL/6 mice, which represented an excellent model used to characterize molecular and cellular events associated with ovarian carcinogenesis.[@R7]^,^[@R8]

Aneuploidy, the condition in which a cell gains or losses of chromosomes, arises as a consequence of chromosomal instability (CIN). It is a common characteristic of many human cancers, including ovarian cancers.[@R9]^,^[@R10] The degree of aneuploidy correlates with malignancy of tumor, risks of metastasis and poor prognosis in ovarian cancers.[@R11]^-^[@R13] Importantly, formation of aneuploid cells is found to be an early event in the development of ovarian cancer, underscoring the pivotal role of aneuploidy in cancer initiation.[@R14] Multiple mechanisms, including defects in genes ensuring the fidelity of chromosome replication and segregation, compromised spindle assembly checkpoint, persistent merotelic attachment and multipolar mitosis, have been proposed to be responsible for aneuploidy and /or CIN.[@R15]^,^[@R16] Notably, a long-standing hypothesis is that the transient tetraploid intermediate could facilitate the development of aneuploidy, cellular transformation and tumor formation.[@R17]^-^[@R21] Tetraploidization has been identified to precede aneuploidy during the development of many solid tumors, such as Barrett esophagus, cervical tumor and colon cancer.[@R22]^-^[@R24] It has been reported that the risk of ovarian cancer goes up with age,[@R25] and the percentage of tetraploid ovarian surface epithelial cells is significantly higher in older than in younger women.[@R26] Furthermore, many ovarian cancers are near-tetraploid.[@R10]^,^[@R27] Thus the tetraploid cells are associated with ovarian cancer development. Nevertheless, the origin of aneuploid cells as well as their relationships with tetraploid intermediates during ovarian cancer formation is still unrevealed.

In the present study, we utilized long-term live-cell imaging followed by fluorescence in situ hybridization (FISH) to examine the origins of aneuploid cells in spontaneously immortalized and transformed MOSECs. Our results highlight the important role of tetraploid intermediates in the development of aneuploid ovarian cancer.

Results
=======

Establishment of spontaneously immortalized mouse ovarian surface epithelial cells (MOSECs).
--------------------------------------------------------------------------------------------

A mouse syngeneic model of ovarian cancers was established by continuous subculture of primary MOSECs in vitro according to the method described previously.[@R7]^,^[@R8] Before passage 6 (p6), the cells grew slowly and were split at a ratio of 1:3 every 2 weeks. They show a typical cobblestone-like appearance ([Fig. 1A](#F1){ref-type="fig"}). After passage 6, however, the cells had a faster growth rate and were subcultured at a ratio of 1:10 every 4 to 7 d for more than 30 passages. This finding is consistent with the observation reported on spontaneous immortalization of MOSECs.[@R7] Compared with early passage cells, late passage cells were flatter and larger ([Fig. 1A](#F1){ref-type="fig"}). Immunofluorescence staining and western blot analysis indicated that both early (p1) and late passage (p36) cells were cytokeratin-positive ([Fig. 1B and C](#F1){ref-type="fig"}), indicating that the cells were of epithelial origin.

![**Figure 1.** Establishment and characterization of spontaneously immortalized MOSECs. (A) Morphology of cultured MOSECs at early (p1) and late passage (p36). (B and C) Characterization of MOSECs by immunofluorescence staining (B) and western blotting (C) using cytokeratin antibodies, the murine fibroblast 3T3 cells were used as negative control. Bars = 100 μm (A) and 10μm (B).](cc-11-2864-g1){#F1}

Immortalized aneuploid MOSECs are tumorigenic in vivo.
------------------------------------------------------

To determine whether the MOSECs we generated were tumorigenic, MOSECs from different passages were injected intraperitoneally into normal female C57BL/6 mice and the animals were monitored for 2 to 4 mo after injection. At the time of sacrifice, no visible tumors or ascites were observed in the mice injected with early passage (p9) cells (n = 8) or PBS (n = 10) ([**Table S1**](#SUP1){ref-type="supplementary-material"}). In contrast, all three mice injected with late passage (p37) cells were found to have multiple small nodules from 1 to 3 mm diameters on the surface of the peritoneum and intestine two months later ([Fig. 2A](#F2){ref-type="fig"}). Hematoxylin staining confirmed the hyperplasia on the surface of intestines ([Fig. 2B](#F2){ref-type="fig"}). Mitotic figures and giant nuclei were also noted within the tumor area ([Fig. 2B](#F2){ref-type="fig"}). Similarly, all the four mice sacrificed four months after injection developed tumors, three of which had hemorrhagic ascites ([**Table S1**](#SUP1){ref-type="supplementary-material"}). Notably, histopathological analysis of the nodules by immunohistochemistry with cytokeratin and PCNA antibodies demonstrated that they were of epithelial origin and proliferated actively ([Fig. 2C](#F2){ref-type="fig"}). Therefore, the late (which were almost all aneuploid as described below) rather than early passage MOSECs were able to induce tumorigenesis after being injected into mice intraperitoneally.

![**Figure 2.** Tumorigenicity of late passage MOSECs. (A) Macroscopic images of intestines from mice injected with PBS (a) or MOSECs at p37 (b). The mice were sacrificed 2 mo after injection. Arrowheads show tumors on surface of the intestines. (B) Hematoxylin staining of sections of intestine from a mouse injected with PBS (a) and intestines with a nodule from a mouse injected with MOSECs at p37. Arrows show the wall of intestines. (c) Mitotic figures (arrowheads) seen in a tumor section. Bar = 100 μm for (a and b) and 10 μm for (c). (C) Immunohistochemistry with antibodies against cytokeratin and PCNA for the identification of cell identity and cell proliferation, respectively. Bar = 100 μm for (a--d), 200 μm for e and f, 50 μm for e' and f'.](cc-11-2864-g2){#F2}

Tetraploid cells precede aneuploid cells during spontaneous transformation of MOSECs.
-------------------------------------------------------------------------------------

To understand cytogenetic changes during spontaneous transformation of MOSECs, the cells at different passages were subjected to DNA content analysis by flow cytometry, chromosome numeration in metaphase cells by chromosome counting and in interphase cells by FISH using chromosome-specific probes. Flow cytometry analyses showed that MOSECs with a diploid DNA content decreased from 43.2% at passages 9 (p9) to 39.9% at p19, and finally disappeared at p36, whereas those with a tetraploid DNA content increased from 25.5% at p9 to 30.5% at p19, and reached a plateau at 48.9% at p26 then decreased to 42.0% at p36; accordingly, the cells with a octoploid DNA content became obvious at p26 and p36 ([Fig. 3A](#F3){ref-type="fig"}). These analyses indicate that a fair amount of tetraploid cells are generated during spontaneous transformation of MOSECs.

![**Figure 3.** Genetic evolution of MOSECs. (A) DNA content varies as MOSECs passage detected by FACS. Results shown are from one of three independent experiments with similar results. (B) The number of chromosomes in a cell varies as MOSECs passage determined by chromosome counting in metaphase spreads. (C) Representative images of interphase mono- (a, c and d) and bi-nucleated MOSECs (b) showing various chromosome compositions detected by FISH using centromeric probes specific to chromosome 2 (green) and X (red). The numbers shown in the lower left corner of each image are the copy number of chromosome 2 (green) to X (red). (D) Quantification of the MOSECs with various copies of chromosome 2 and X at different passages. Others: the chromosome composition is different from those indicated. Taking into account the results of flow cytometry analysis and chromosome counting, here the cells containing 2, 4 and 8 FISH signals for both chromosome 2 and X are called di-, tetra- and octo-ploidy, respectively; otherwise, the cells are considered as aneuploidy. (E) Quantification of various types of aneuploid cells as shown in (D). Ploidy status of a cell is determined according to the description in materials and methods. Mean ± SD, from three independent experiments.](cc-11-2864-g3){#F3}

Because flow cytometry fails to distinguish between cells with only a few chromosome gains or losses (e.g., near-diploid vs. diploid cells, near-tetraploid vs. tetraploid cells, etc.), to carefully characterize cytogenetic changes of MOSECs during the spontaneous transformation, we performed chromosome counting in metaphase spreads from cells at different passages. As shown in [Figure 3B](#F3){ref-type="fig"}, 83.3% of the cells at passage p6 were diploid, with 8.3% being tetraploid cells. With cell passaging, the proportion of diploid cells decreased, while tetraploid cells increased. At p19, the diploid cells fell to 49.3%, and tetraploid cells reached 29.3%. By p26, 22.9% of the cells were tetraploid, and 71.0% were near-tetraploid, with 47.3% being hypo-tetraploid (containing 70--79 chromosomes) and 23.7% being hyper-tetraploid (containing 81--94 chromosomes). When passaged to p35, 98.0% of MOSECs became aneuploid, of which 90.0% were near-tetraploid ([Fig. 3B](#F3){ref-type="fig"}). The fact that the proportion of tetraploid cells increased during the early passages then gradually decreased later on, and that the increase of tetraploid cells preceded the increase of near-tetraploid cells indicates that tetraploid cells would be intermediates from diploidy to near-tetraploid aneuploidy transition.

To confirm our findings above, FISH analysis using chromosome-specific centromere probes (chromosome 2 and X), which enable the detection of chromosome composition in a large number of interphase cells, was performed ([Fig. 3C](#F3){ref-type="fig"}). The ploidy status of cells following FISH was arbitrarily assigned based on the number of FISH signals for chromosome 2 and X, as described in Materials and Methods. As shown in [Figure 3D](#F3){ref-type="fig"}, 99.2% of MOSECs at p0 were diploid. With cell passaging, the proportion of diploid cells gradually decreased to 91.1% at p6, 63.5% at p9, 54.7% at p19, 2.1% at p26 and 1.0% at p36, accompanied by the variation of tetraploid cells (6.1% at p6, 24.1% at p9, 27.0% at p19, 51.2% at p26 and 28.3% at p36) and steadily increase of aneuploid cells (2.6% at p6, 10.3% at p9, 16.6% at 19, 43.8% at p26 and 68.3% at p36). What's more, most of the aneuploid cells were near-tetraploid, which increased from 54.8% at p6 to 87.4% at p36 in the aneuploid cell population ([Fig. 3E](#F3){ref-type="fig"}). Together with the data from flow cytometry analysis and chromosome counting, the data presented here clearly show that during the spontaneous transformation, the diploid MOSECs experienced an intermediate tetraploid cell stage before evolving to aneuploid cells.

Most aneuploid cells are derived from tetraploid cells via chromosome mis-segregation in bipolar and multipolar mitoses.
------------------------------------------------------------------------------------------------------------------------

To delineate genesis of aneuploid MOSECs, the division of MOSECs at p8, from which onwards aneuploid cells started to increase rapidly, was monitored by long-term live-cell imaging followed by FISH analysis for chromosome compositions in daughter cells ([Fig. 4A--E](#F4){ref-type="fig"}). Immediately after live-cell imaging, we fixed the cells and performed FISH using chromosome 2- and X-specific probes. The copy numbers for a specific chromosome in daughter cells could be directly detected by FISH, and those in their parental cells were determined based on the total number of FISH signals in all of its daughter cells divided by 2 if it had divided once or by 4 if it had divided twice, because chromosomes duplicated once per division. The ploidy status was determined as described above.

![**Figure 4.** Most aneuploid cells are resulted from tetraploid cells undergoing bipolar mitosis with chromosome mis-segregation or multipolar mitoses. (A--E) Divisions that generate aneuploid cells are determined by FISH analyses of daughter cells for chromosome segregation following long-term live-cell imaging. The number of chromosome 2 and X in a cell presenting in the last frame of time-lapse imaging was directly assayed by FISH using chromosome 2 (green) and X-specific probes (red), while that in a mother cell was calculated based on the total number of FISH signals for each chromosome analyzed in all of its daughter cells divided by 2 if it has divided once. Representative serial images show that: (A) A mononucleated diploid cell underwent a bipolar mitosis with nondisjunction of chromosome 2 and produced two daughter cells with 1:2 (yellow circle) and 3:2 (white circle) for chromosome 2: X, and the one missing a copy of chromosome 2 (yellow circle) completed another round of bipolar mitosis; (B) A mononucleated tetraploid cell underwent a tripolar mitosis with completion of cytokinesis, and produced three daughter cells with chromosome 2: X compositions of 2:2, 2:3 and 4:3, respectively; (C) A mononucleated tetraploid cell underwent a tripolar mitosis with partial completion of cytokinesis, and produced a mono- and a bi-nucleated cell with 2:4 and 6:4 for chromosome 2: X, respectively; (D) A binucleated tetraploid cell underwent a bipolar mitosis and produced two daughter cells with chromosome 2: X compositions of 4:5 (one chromosome X present in micronucleus) and 4:3; (E) A mononucleated tetraploid cell underwent a bipolar mitosis with nondisjunction of chromosome X, and produced two daughter cells with 4:3 and 4:5 for chromosome 2: X, respectively. Green and red spots are FISH signals for chromosome 2 and X, respectively. Time is indicated in hours: minutes. Bar = 10 μm. (F) Quantification of divisions that produced aneuploid cells. n, the number of aneuploid cells analyzed.](cc-11-2864-g4){#F4}

In total, 35 aneuploid daughter cells were observed to arise from euploid parental cells during time-lapse imaging, with five (14.3%) being near-diploid and 30 (85.7%) being near-tetraploid cells. Of the five near-diploid daughters, two ([Fig. 4A](#F4){ref-type="fig"}, panels a and b) were generated from a diploid cell undergoing bipolar mitosis with nondisjunction of a chromosome 2 ([Fig. 4A](#F4){ref-type="fig"}), and the other three were generated from tetraploid cells undergoing multipolar mitosis with completion of cytokinesis ([Fig. 4B](#F4){ref-type="fig"}). However, all 30 near-tetraploid daughters were generated from tetraploid parental cells, six of which (6/30, or 20.0%) resulted from multipolar mitosis in which cytokinesis often partially completed (4 out of 6, [Figure 4C](#F4){ref-type="fig"}). The remaining 24 (24/30, or 80.0%) were derived from chromosome mis-segregation in bipolar mitosis of bi- (4/24, or 16.7%, [Figure 4D](#F4){ref-type="fig"}) or mono-nucleated tetraploid parental cells (20/24, or 83.3%, [Figure 4E](#F4){ref-type="fig"}). Taken together, 94.3% (33/35) of aneuploid progenies were derived from tetraploid parental cells that underwent bipolar (24/33, or 72.7%) or multipolar divisions (9/33, or 27.3%) with chromosome mis-segregation ([Fig. 4F](#F4){ref-type="fig"}). These direct data unequivocally indicate for the first time that most aneuploid MOSECs are derived from tetraploid parental cells undergoing either bipolar or multipolar mitoses.

The initial tetraploid MOSECs result from cytokinesis failure of bipolar mitosis in mononucleated diploid cells.
----------------------------------------------------------------------------------------------------------------

Given that tetraploid cells play a pivotal role in the generation of aneuploid MOSECs, we next traced the origins of the tetraploid cells using long-term live-cell imaging followed by FISH analysis as described above. A total of 481 newly generated tetraploid cells were successfully detected by FISH following live-cell imaging, with 143 being binucleated and 338 being mononucleated ([Fig. 5E](#F5){ref-type="fig"}). All of the 143 binucleated tetraploid cells resulted from cytokinesis failure of bipolar mitosis in mononucleated diploid cells. In mononucleated diploid cells undergoing bipolar mitosis, 85.9% (873/1,016) of them completed cytokinesis and produced two mononucleated diploid cells ([Fig. 5A](#F5){ref-type="fig"}), the rest (143/1,016, or 14.1%) failed to complete cytokinesis. The cells ending up with cytokinesis failure seemed to have initiated mitosis, congressed and lined up their chromosomes at metaphase plate and separated their chromosomes normally. However, these cells exited from mitosis inappropriately, with failure of cytokinesis completion leading to the formation of binucleated cells with doubled chromosome numbers ([Fig. 5B](#F5){ref-type="fig"}). The 338 newly generated mononucleated tetraploid cells were generated from bipolar mitosis of previously existing tetraploid cells, of which 64 (26.9%) were from binucleated cells ([Fig. 5C](#F5){ref-type="fig"}) and 274 (73.1%) were from mononucleated ones ([Fig. 5D](#F5){ref-type="fig"}). As shown in [Figure 3D](#F3){ref-type="fig"}, when culture of MOSECs initiated, tetraploid cells were very rare (0.4% at p0), so these previously existing tetraploid cells during live-cell imaging were considered to also have originally resulted from diploid cells by incomplete cytokinesis. Moreover, we did not observe cell fusion and mitotic slippage during live-cell imaging. Besides, neither paired chromosomes nor paired FISH signals were found in metaphase spreads or interphase cells, excluding the possibility of endoreduplication. Also FISH analyses in interphase cells regarding ploidy status and cell types revealed that cytokinesis failure occurred frequently in diploid cells at different passages but not in tetraploid cells ([**Fig. S1**](#SUP1){ref-type="supplementary-material"}). This led to the gradual decrease of diploid cells and accumulation of tetraploid or aneuploid cells. Therefore, cytokinesis failure was the key event for transition from diploidy to tetraploidy.

![**Figure 5.** The initial tetraploid MOSECs originate from cytokinesis failure of mononucleated diploid cells. (A--D) Divisions generating tetraploid cells are detected by FISH analyses of the daughter cells for chromosome composition following long-term live-cell imaging. Chromosome composition of cells is determined as in [Figure 4](#F4){ref-type="fig"}. Green and red spots are FISH signals for chromosome 2 and X, respectively. Time is indicated in hours: minutes. Bar = 10 μm. Representative serial images showing that: (A) A mononucleated diploid cell underwent normal bipolar mitosis and produced two mononucleated diploid cells; (B) A mononucleated diploid cell underwent bipolar mitosis with incomplete cytokinesis and produced a binucleated tetraploid cell; (C) A binucleated tetraploid cell underwent bipolar mitosis and produced two mononucleated tetraploid cells; (D) A mononucleated tetraploid cell underwent bipolar mitosis and produced two mononucleated tetraploid cells. (E) Quantification of divisions that produced tetraploid cells. n, the number of tetraploid cells analyzed.](cc-11-2864-g5){#F5}

Altogether, these data showed that cytokinesis failure of bipolar mitosis in mononucleated MOSECs would lead to binucleated tetraploid cells, which could generate mononucleated tetraploid cells in a subsequent bipolar mitosis, and that the proliferation of mononucleated tetraploid cells contributed to the accumulation of tetraploid cells in the population. However, some of these tetraploid cells underwent bipolar or multipolar mitosis with chromosome mis-segregation and produced aneuploid (mainly near-tetraploid) cells. These aneuploid cells could cause tumor formation after intraperitoneal injection into mice ([Fig. 6](#F6){ref-type="fig"}).

![**Figure 6.** A schematic diagram summarizing the genetic evolution of tumorigenic MOSECs. Diploid (2n) MOSECs undergo bipolar mitosis with cytokinesis failure leading to binucleated tetraploid (2 × 2n) cells, which generate mononucleated tetraploid (4n) cells through normal bipolar mitosis. Subsequent proliferation of mononucleated tetraploid cells results in more tetraploid ones. However, some of these tetraploid cells undergo bipolar or multipolar mitosis with chromosome mis-segregation and produce aneuploid (mainly near-tetraploid) cells. These aneuploid cells cause tumor formation after intraperitoneal injection into C57BL/6 mice. (4n ± w) represents near-tetraploidy and z represents other types of aneuploidy.](cc-11-2864-g6){#F6}

Discussion
==========

In ovarian carcinomas, severely aneuploid karyotypes are prevalent, and aneuploidy is associated with disease initiation, progression and aggression.[@R14]^,^[@R28]^-^[@R30] However, how the aneuploid cells are evolved from normal diploid cells in ovarian cancer is still unknown. Because of the inadequate supply of human tissues in the early disease stages of ovarian cancer, researchers have set up immortalized human ovarian surface epithelial cells as a model in order to study the events related with the early steps in ovarian tumorigenesis. However, these cells were engineered to artificially express ectopic human telomerase reverse transcriptase (hTERT) in combination with SV40 T-antigen or human papillomavirus E6/E7 transduction,[@R31]^,^[@R32] which may not simulate the true process of tumorigenesis. Here, a spontaneously transformed MOSECs model was established to study the cytogenetic changes in the early development of ovarian cancer, which demonstrated that transient tetraploid intermediates facilitate the development of aneuploidy and thus result in cellular transformation and tumor formation.

During the process of transformation, we observed that the fraction of diploid cells decreased, while the percentage of tetraploid increased from p6 to p19 ([Fig. 3B and D](#F3){ref-type="fig"}). Tetraploidization in our model mimics the increased percentage of tetraploid cells in old women[@R26] who have accumulated numbers of ovulation events, resulting in proliferation of ovarian surface epithelial cells and high risk of ovarian cancers.[@R25] Combining long-term live-cell imaging with FISH, we demonstrated that cytokinesis failure was responsible for the transition from diploidy to tetraploidy of MOSECs ([Fig. 5B](#F5){ref-type="fig"}). Cytokinesis failure has been suggested as a possible cause of CIN and cancer. Dominant mutation of *adenomatous polyposis coli* (APC) in human colorectal cancer[@R33] and loss of heterozygosity at Polo kinase 4 (Plk4) in human hepatocellular carcinomas[@R34] have been shown to induce cytokinesis failure, which represents the first step in the onset of genomic instability and cancer development. Many proteins regulating cytokinesis were mutated or aberrantly expressed in various human cancers.[@R35] Here, the mechanisms by which the diploid MOSECs fail to complete cytokinesis remain to be determined.

Tetraploidy has been proposed as a genetically unstable intermediate, which can result in aneuploidy and cancer.[@R20]^,^[@R36]^,^[@R37] We observed that the frequency of tetraploid cells peaked at p19 but decreased with the further passages ([Fig. 3B](#F3){ref-type="fig"}), while the fraction of aneuploid cells increased steadily with continuous subculturing ([Fig. 3B and D](#F3){ref-type="fig"}), confirming that tetraploidy was a transient intermediate and associated with the formation of aneuploid cells during spontaneous transformation of MOSECs. Moreover, using long-term live-cell imaging followed by FISH, we demonstrated that most aneuploid cells were derived from tetraploid ones ([Fig. 4F](#F4){ref-type="fig"}), supporting the idea that tetraploidization is the initial step toward aneuploidy and tumor.

Aneuploidy from a tetraploid precursor was thought to arise from either multipolar mitosis[@R38] or progressive chromosomal loss in bipolar mitosis.[@R39] However, how aneuploid cells are derived from tetraploid cells has not been well confirmed in live cells. Utilizing long-term live-cell imaging followed by FISH, we observed that 27.3% of the aneuploid daughters of tetraploid parental cells resulted from multipolar mitosis; the remaining 72.7% were from bipolar mitosis ([Fig. 6](#F6){ref-type="fig"}), indicating that bipolar mitosis is more prevalent than multipolar mitosis to produce aneuploid cells in our MOSECs model. Given that most progenies of multipolar mitosis are inviable,[@R39] evolution from tetraploidy to aneuploidy during spontaneous transformation of MOSECs was mainly attributed to bipolar mitosis. We also observed that tetraploid MOSECs undergoing bipolar mitosis initiated a multipolar spindle that ultimately became bipolar on occasion ([Fig. 4D](#F4){ref-type="fig"}). Such transient multipolar spindles have been demonstrated to increase the occurrence of merotely (microtubules emanating from different poles attach to a single kinetochore), which, if not corrected, causes chromosome mis-segregation.[@R39]^-^[@R41] Indeed, the incidence of chromosome mis-segregation was significantly higher in tetraploid cells than that in their diploid counterparts during bipolar divisions ([**Fig. S2**](#SUP1){ref-type="supplementary-material"}).

Cytogenetic analyses in this study demonstrated that late passage (p36) aneuploid cells were predominantly near-tetraploid ([Fig. 3B and E](#F3){ref-type="fig"}), which induced tumors after injection into mice ([Fig. 2A](#F2){ref-type="fig"}). Consistently, human ovarian surface epithelial cells became near-tetraploid in culture about 10 passages after immortalization with hTERT and SV40 T-antigen,[@R32] and some ovarian tumors are near-tetraploid.[@R10]^,^[@R27] It has been reported that near-tetraploid ovarian tumors possessed a much higher level of numerical chromosomal instability than near-diploid and near-triploid tumors[@R27] and were accompanied by a more frequent metastases and a significantly worse prognosis,[@R42]^,^[@R43] underscoring the importance of near-tetraploidy.

In summary, based on the syngeneic mouse model of ovarian cancer, we, for the first time, provide direct evidence that tetraploid cells arising from cytokinesis failure of diploid cells give rise to aneuploid daughters through chromosome mis-segregation during both bipolar and multipolar mitosis in live cells ([Fig. 6](#F6){ref-type="fig"}). Our elucidation of how aneuploid cells are generated from normal diploid cells during spontaneous transformation of MOSECs may provide answer to many questions regarding the induction of ovarian tumor. Furthermore, this "diploidy-tetra ploidy-aneuploidy" pathway may help to understand the cellular development of cancers, which had a premalignant tetraploid stage (e.g., colon cancer, Barrett's esophagus and cervical cancer) and the mechanism of some bacteria-initiated tumors.[@R44]^,^[@R45]

Materials and Methods
=====================

Cell isolation and culture.
---------------------------

Mouse ovarian surface epithelial cells (MOSECs) were isolated as reported in references [@R7] and [@R8]. Briefly, ovaries were removed from female, 8-week-old C57BL/6 mice aseptically and incubated in 0.2% trypsin-EDTA (Gibco 25200, diluted with 1 x PBS) for 25 min at 37°C to selectively isolate surface epithelial cells. Cells were collected by centrifugation at 120 g for 7 min and then plated in a P30 dish in MOSEC medium, which consists of Dulbecco's modified Eagle's medium (DMEM, Gibco 12800) supplemented with 4% fetal bovine serum (Hyclone SV30087.02), 1% insulin-transferrin-selenium (Gibco 41400--045), 100 U/ml penicillin and 100 μg/ml streptomycin (Gibco 15140--122). Hydrocortisone (0.5 μg/ml, Sigma H0888) and murine epidermal growth factor (2 ng/ml, Invitrogen 53003018) were added to the medium for cells before passage 6.

Flow cytometry analysis.
------------------------

To prepare cells for flow cytometry analysis, MOSECs were trypsinized and washed once with phosphate-buffered saline (PBS), and fixed by re-suspending the pellet in ice-cold 100% ethanol with gentle agitation, then the cells were kept at -20°C until use. Before flow cytometry analysis, the cells were re-suspended in 50 μg/ml propidium iodide and 100 μg/ml RNase A solution, and incubated at 37°C for 30 min. Flow cytomery analysis were performed on BD FACS caliber with CELLQUEST software, and statistics were handled with WinMDI.

Metaphase chromosome preparation.
---------------------------------

When the MOSECs proliferated at a log phase, colcemid was added to the medium to a final concentration of 0.05 μg/ml 2 h before cell harvesting.[@R8] The cells were harvested by trypsinization and hypotonically treated with 75 mM KCl for 15 min then fixed in methanol: acetic acid (3:1). After three changes of the fixative, the chromosome preparations were made by dropping the cell suspension onto cold slides, which were then air-dried. Then the slides were stained with Giemsa.

Fluorescence in situ hybridization (FISH).
------------------------------------------

Murine chromosome 2-centromere specific BAC clone (clone ID 49N22) was purchased from Invitrogen (96022), and the DNA was extracted using Wizard Plus VS Minipreps DNA Purification System (Promega A1460). Murine chromosome X-centromere specific *E.coli* XLI-blue clone (clone ID DXWas70) was used as previously described.[@R46] Probes were labeled with either SpectrumGreen dUTP (Vysis 30--803200, for chromosome 2) or SpectrumOrange dUTP (Abbott 02N33--50, for chromosome X) by random priming using the BioPrime DNA Labeling System (Invitrogen 18094--011). Hybridizations were performed as previously described.[@R47] For cells after live-cell imaging, permeablization with NP-40 was extended to 30 min. Slides after FISH were examined using an Olympus BX-61 fluorescence microscope fitted with band pass filters detecting Hoechst, SpectrumOrange and SpectrumGreen. Images were captured with a CCD camera (Retiga Exi FAST, Qimaging) using Image-Pro Plus software (Media Cybernetic, Inc.).

Criteria used for the analysis of FISH samples were followed as stated in reference [@R21]. Ploidy status of a cell is determined arbitrarily based on the number of FISH signals for both chromosomes analyzed as described in reference [@R48]. Specifically, the number of FISH signals for chromosome 2 and X in a cell is denoted by A and X, respectively. When the sum of absolute values for (A-2) and (X-2) equal 0 in a cell, indicating that the cell contains two copies of chromosome 2 and X, the cell is considered as a diploid cell. When the sum equals 1, indicating that the cell misses or gains a copy of either chromosome 2 or X, then the cell is considered as a near-diploid cell, e.g., 1:2 and 3:2 for chromosome 2 to X and vice versa. When the sum of absolute values for (A-4) and (X-4) equal 0 in a cell, indicating that the cell contains 4 copies of both chromosome 2 and X, then the cell is considered as a tetraploid cell. When the sum equal 1 or 2, then the cell is considered as a near-tetraploid cell, e.g., 3:3, 3:5, 4:2, 4:3, 4:5, 4:6 and 5:5 for chromosome 2 to X and vice versa. When the sum of absolute values for (A-8) and (X-8) equal 0 in a cell, indicating that the cell contains 8 copies of both chromosome 2 and X, the cell is considered as an octoploid cell. Cells with a chromosome composition other than those mentioned above are considered as other types of aneuploid cells. As shown in [Figure 3E](#F3){ref-type="fig"}, other types of aneuploid cells only consist of a very small proportion (\< 6%). Interestingly, ploidy status of cells determined following these criteria is consistent with those from flow cytometry analysis ([Fig. 3A](#F3){ref-type="fig"}) and chromosome counting ([Fig. 3B](#F3){ref-type="fig"}), indicating that the criteria used for the determination of chromosome ploidy of cells after FISH are feasible.

Chromosome composition of cells undergoing long-term live-cell imaging was determined as follows: The number of a chromosome studied in a cell presenting in the last frame of time-lapse imaging was directly assayed by FISH using chromosome-specific probes, while that in a mother cell was calculated based on the total number of FISH signals for the chromosome analyzed in all of its daughter cells divided by 2 if it has divided once or by 4 if it has divided twice because chromosomes duplicated once per division.

Immunofluorescence.
-------------------

Cells grown on coverslips were fixed in 4% paraformaldehyde for 10 min at room temperature, washed with TBST (0.1% Triton in Tris-buffered saline) for 3 x 5 min. Then the cells were blocked with 2% bovine serum albumin (Sigma A7906) in TBST for 1h, and sequentially incubated with mouse anti-pan cytokeratin antibody (Sigma C1801; 1:100) and AF488 conjugated donkey anti-mouse antibody (Molecular Probes A21202; 1:200). All incubations were performed at 37°C for 2 h, and nuclei were counterstained with DAPI.

Western blot analysis.
----------------------

Lysates from passage 1 (p1) and passage 36 (p36) MOSECs and 3T3 cells were separated on 12% SDS polyacrylamide gels, and the proteins were then transferred to nitrocellulose membranes (Amersham Biosciences, RPR303D). The membranes were blocked in TBST (0.5% Tween-20 in Tris-buffered saline) containing 5% nonfat milk powder for 1 h, incubated overnight with a mouse anti-pan cytokeratin monoclonal antibody (1:200), and a mouse anti-GAPDH monoclonal antibody (Millipore MAB374; 1:1000) in TBST at 4°C, then washed three times (10 min each) with TBST. The membranes were then incubated for 1 h with alkaline phosphatase (AP)-conjugated anti-mouse IgG (Promega S372B; 1:1000) at room temperature.

Live-cell imaging and image analysis.
-------------------------------------

Cells grown on gridded coverglass bottom dishes (MatTek Corporation) were stained with 400 ng/ml Hoechst 33342 (Molecular Probes) for 30 min at 37°C, washed with PBS and culture medium (3 times each), and maintained in culture medium containing 20 ng/ml Hoechst 33342. Then, images were acquired automatically using a Nikon TE2000E inverted microscope equipped with the Nikon Perfect Focus system, a linearly encoded stage (Proscan, Prior) and a cooled CCD camera (Orca R^2^, Hamamatsu). The microscope was controlled by NIS-Elements Advanced Research (Nikon) software and housed in a custom-designed 37°C chamber with a secondary internal chamber that delivered humidified 5% CO~2~. Fluorescence and phase contrast images were captured at multiple locations every 10 min for a period of 48 h with a 20x Plan Apo objective. Immediately after live-cell imaging, the cells were fixed in methanol: acetic acid (3:1) and kept at -20°C before FISH.

Images from long-term live-cell imaging were analyzed frame by frame manually as reported in reference [@R21]. Multipolar divisions were defined as chromosomes segregating toward three or more directions during anaphase or telophase, and subsequently producing three or more nuclei. Cells that underwent bipolar mitosis were analyzed for the presence of lagging chromosomes or chromosomal bridges as described in reference [@R49]. Briefly, lagging chromosomes were indentified as the Hoechst-positive materials observed in the midzone in anaphase or telophase, or in the cytoplasmic bridge during the progression of cytokinesis. Chromosomal bridges were indentified as the Hoechst-positive materials that extended continuously between the two masses of chromosomes in anaphase or telophase.

Mouse in vivo tumorigenicity assay.
-----------------------------------

Early (p9) and late passage (p37) MOSECs were cultured in serum-free medium for 6  before harvest then re-suspended in PBS at 5 x 10^6^ cells per 200 μl, and injected intraperitoneally into 5-week-old female C57BL/6 mice purchased from National Rodent Laboratory Animal Center (Shanghai Branch). Control mice were injected with PBS. Animals were monitored weekly for the formation of ascites or tumors for up to 4 mo after injection. All mice were maintained according to the Institutional Animal Care and Use Committee of University of Science and Technology of China.

Histology and immunohistochemistry.
-----------------------------------

Intestines were collected from mice, fixed in 4% paraformaldehyde and embedded in paraffin for histological analysis. For routine histology, tissue sections were stained with hematoxylin (BA-4097, Baso Diagnostics Inc.) according to standard protocols. For immunohistochemistry, following de-paraffinization, sections were re-hydrated in a series of graded ethanol/water solutions (100-- 95%-90--80%-70--50%) and PBS, boiled in 10 mM citric acid (pH 6.0) at 95--100°C for 10 min followed by incubation in 3% hydrogen peroxide for 10 min. Endogenous peroxidase was blocked by pre-incubation with 3% hydrogen peroxide for 10 min. A MOM mouse Ig blocking reagent (VECTOR M.O.M basic kit, BMK2202, Vector Laboratories, Inc.) was used to reduce nonspecific staining of mouse tissues by the mouse antibody. Then, the sections were incubated with a mouse anti-pan cytokeratin antibody (1:100) or a mouse anti-human PCNA monoclonal antibody (ZhongShan Goldenbridge Biotechnology CO.LTD, ZM-0213; 1:100) in a humidified chamber at 4°C overnight. After rising thoroughly with TBS, the sections were exposed to a biotinylated anti-mouse IgG secondary antibody for 30 min (VECTOR M.O.M basic kit, BMK2202, Vector Laboratories, Inc.). The sections were rinsed again and exposed to peroxidase-conjugated streptavidin \[UltraSensitive S-P (Mouse, Rabbit) Kit, Maxim.Bio, Inc.\] for 30 min. Finally, each section was exposed to 3,3-diaminobenzidine solution (DAB kit, DAB0031, Maxim.Bio, Inc.) after they were rinsed with TBST. Immunostained sections were counterstained with hematoxylin, dehydrated through a series of alcohol (50--70%-80--90%-95--100%) and xylene, and covered with coverslips.

Statistical analysis.
---------------------

All statistical comparisons were performed using the 2 x 2 χ2 test. The p-values were as shown, and less than 0.05 were considered statistically significant.
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